The hydrological hazard for the municipality of Yautepec de Zaragoza, State of Morelos, Mexico, is evaluated considering the overflow process of the rivers located in the Yautepec sub-basin. Different scenarios of hydrological hazard were generated to identify those areas with high flood potential using hydraulic modeling for three return periods (Rp) of 50, 100 and 500 years based on statistical analysis of the maximum annual discharge of the Yautepec hydrometric station. We used the Hec-Ras software and geographic information systems (GIS) to model the different flood scenarios.
Introduction
Worldwide, disasters caused by floods generate enormous social, economic and environmental impact. Because of their frequency, there is damage to infrastructure and roads in urban areas that reduce the natural dynamics of cities and their activities [1] [2] [3] [4] [5] . In general, the recurrence of hydrological hazard events due to river overflows causes greater economic and social impact in urban than in suburban and rural areas. This is mainly because, commonly, in cities of third world countries, the level of vulnerability and risk increase as a consequence of the process of watersheds' deterioration and poor management of the territory. On the other hand, in non-urban watersheds, damage is limited to small areas with minimal exposed infrastructure [6] [7] [8] [9] .
The process of urbanization of hydrological basins and the transformation of natural soils by less permeable coverings such as agricultural and urban soils, has modified the natural hydrological cycle of the basins and, consequently, loss of capacity to regulate the runoff generated by even low intensity and short duration rains [10] [11] [12] [13] [14] [15] [16] . These conditions increase the hydrological hazard due to overflowing of rivers because of the loss of hydraulic capacity of the channels to drive large volumes of runoff [17] [18] [19] . In addition, it increases the risk of flooding for the exposed population [20] [21] [22] .
Data from the Mexican National Center for Disaster Prevention [23] and the Disaster Inventory System for Latin America [24] report that approximately 50% of the disasters occurred in Mexico during 1970-2010, are the result of urban floods. Recently, it has been established that about 88% of the economic losses caused by disasters in Mexico during the period 2000 -2015 are related to hydrometeorological events.
Located in the central part of the state of Morelos, the municipality of Yautepec de Zaragoza is frequently affected by the overflow of the Yautepec, Apanquetzalco, and Oacalco rivers that run through the municipality from north to south. According to data from the General Directorate of Civil Protection of the Yautepec municipality (DGCPY) [25] and reports from the local population, 20 disasters were registered in this locality due to the overflow of these rivers during the period 1965-2015.
In the town of Yautepec, there are three metallic plaques that indicate the height of the floods that occurred during last years. The floods of 1985 (1.60 m), 1998 (1.95 m) and 2003 (2.10 m) caused economic losses estimated at $15,000,000.00 Mexican pesos (approximately $754,000.00 USD) due to severe damage to the local infrastructure, in addition to the loss of human lives reported during the year 1998.
Estrada [26] highlights the importance of reducing the runoff generated in the upper Yautepec River basin as a result of the loss of the local soil's infiltration capacity by degradation processes. The author establishes the importance of the use of hydraulic infrastructure as element to reduce the increase in runoff (33%) observed during the period 1990-2000. This measure will avoid future floods due to overflow of the local rivers. Additionally, Zúñiga [27] considers that the loss of hydraulic capacity of the channels reduces their ability to control and conduct runoff naturally, increasing the level of hydrological hazard and risk.
At present, there is a large number of specialized computer programs to assess the water flow behavior in rivers and channels [28] [29] [30] . In this work we use the Hec-Ras model to identify the potential flood zones due to overflowing the Yautepec, Apanquetzalco and Oacalco rivers in the urban area of the Yautepec municipality of Zaragoza. Hec-Ras is one of the most used tool to model river's flow and delimit floodplains. Due to its capacity to process and analyze hydrological and hydraulic parameters, the Hec-Ras model is used to forecast floods in urban areas. Additionally, this tool developed by the Hydraulic Engineering Center (Hec) of the US Army Corps of Engineers allows to incorporate geometric information generated from low-resolution terrain models. Also, the calculation speed is high allowing performing simulations of very large zones in short times. Besides, the combined use of the Hec-Ras model and geographical information systems (GIS) is the perfect tool to generate scenarios of hydrological hazard and flood risk for urban areas [31] [32] [33] [34] [35] [36] [37] [38] [39] . Hydraulic modeling to generate hydrological hazard scenarios due to river overflows in urban areas is widely used [40] [41] [42] [43] .
The main purpose of this work is to generate hydrological hazard scenarios for the urban area of the municipality of Yautepec de Zaragoza considering the hydraulic modeling of the Yautepec sub-basin's rivers and statistical analysis of annual maximums discharges for return periods (Rp) of 50, 100 and 500 years. We identify those local urban areas exposed to flooding. In addition, our results highlight the importance of assessing flood hazard and risk due to river overflowing in urban areas.
Study Area
The sub-basin of the study area has an area of 148 km 2 and it is located in the central-northern side of the municipality of Yautepec de Zaragoza (Figure 1 ). This sub-basin is part of the Yautepec river basin (1,543 km 2 ) that belongs to the local Grande Amacuzac river basin. The study area is within the hydrological region No. 18 Río Balsas according to the Mexican classification of hydrological zones [44] . According to the hydrological classification of Vide [45] , the hydrological conditions of the local rivers are as follows: i) The Yautepec River is an old plain river with gentle slope and presence of meanders with deposit of fine material (clay -sandy); and ii) the Apanquetzalco and Oacalco rivers are mature-old rivers (transition) of irregular relief with medium texture material (redzina) of sandy soil (feozem calcaric) and intermediate permeability [27] .
Materials and Methods

Statistical Analysis
To analyze the annual maximum discharge, we used 57-year historical data recorded in the Yautepec station (18°89'N, 99°05'W (National Data Bank of Surface Waters, [BANDAS] of the Mexican National Water Commission [46] . Because of their low hydrological dynamics, the Apanquetzalco and Oacalco rivers are not regularly monitored. For this reason, the discharge from the channels was estimated from the areas of runoff contribution and the hydrological similarity with the Yautepec River.
The statistical analysis for the annual maximum discharge was performed using the methodology proposed by Escalante and Reyes [47] . This methodology allows analyzing the frequency of extreme events by relating its magnitude with its return period. According to Rao and Hamed [48] and Chow [49] , this type of analysis is widely used in the field of hydrology to determine the frequency of floods.
To verify the homogeneity and robustness of the annual maximum discharge we used the Cramer-type homogeneity test [47] , considering three blocks with different data sets. The first block contains the total sample size . The second and third blocks of size w = 60 and w=30 have According to the hydrological classification of Vide [45] , the hydrological conditions of the local rivers are as follows: (i) The Yautepec River is an old plain river with gentle slope and presence of meanders with deposit of fine material (clay -sandy); and (ii) the Apanquetzalco and Oacalco rivers are mature-old rivers (transition) of irregular relief with medium texture material (redzina) of sandy soil (feozem calcaric) and intermediate permeability [27] .
Materials and Methods
Statistical Analysis
To analyze the annual maximum discharge, we used 57-year historical data recorded in the Yautepec station (18 • 89'N, 99 • 05'W (National Data Bank of Surface Waters, [BANDAS] of the Mexican National Water Commission [46] . Because of their low hydrological dynamics, the Apanquetzalco and Oacalco rivers are not regularly monitored. For this reason, the discharge from the channels was estimated from the areas of runoff contribution and the hydrological similarity with the Yautepec River.
The statistical analysis for the annual maximum discharge was performed using the methodology proposed by Escalante and Reyes [47] . This methodology allows analyzing the frequency of extreme events by relating its magnitudeQ T with its return period. According to Rao and Hamed [48] and Chow [49] , this type of analysis is widely used in the field of hydrology to determine the frequency of floods.
To verify the homogeneity and robustness of the annual maximum discharge we used the Cramer-type homogeneity test t w [47] , considering three blocks with different data sets. The first block contains the total sample size n j . The second and third blocks of size w = 60 and w=30 have 60% and 30% of n j , respectively. The level of homogeneity for the series j for i = 1, 2, ...n j , was determined by comparing the value of Q j (1) of the total record with the blocks Q j 60 (2) and Q j 30 (3) , and by using equation (4): The Anderson independence test (5) [50] was applied to determine the randomness of the sample variables and their domain within the confidence limits (6) . The coefficient of serial autocorrelation r j k was established for different periods of delay and for a single record j = 1 [47] : (5) where: j = Sampled data. k = Delay time. n j = Number of data.
The confidence limits for r j k were obtained from the following equation [47] :
The return period for maximum discharge of certain magnitude X was determined using the empirical Weibull type distribution [47] :
where: n = Sample size. m = Registration order number considering a determined return period.
The exceedance probability was obtained using [51] :
All calculations for the Yautepec station data series where performed for Rp of 50, 100 and 500 years. As part of the frequency analysis, the following sample statistics were obtained: Asymmetry coefficient, kurtosis coefficient, variation coefficient, standard deviation, and arithmetic mean.
The distribution of probabilities of annual maximum discharge was determined from the following probability distributions of data series: Normal, log normal with two parameters, log normal with three parameters, exponential with parameter B, gamma with two parameters, gamma with three parameters, log Pearson type III, extreme values I (Gumbel), and general extreme values (GVE).
From the calculation of the standard error (SE), the best distribution of probabilities was determined for the series of data analyzed considering the following equation [47] :
where: Q j T includes the Q j i events ordered from the highest to the lowest values with an assigned Rp of T = n+1 m and a probability of non-exceedance given by [47] :
where: 
Hydraulic Flow Model for the Yautepec River Sub-Basin
The geometric parameters and hydrological characteristics of the Yautepec, Apanquetzalco, and Oacalco rivers were obtained by processing topographic information [52] [53] [54] [55] . The hydrological hazard scenarios were modeled following the procedures described in Figure 2 . For the hydraulic flow modeling we considered the following hydraulic parameters for simulation: (i) The Manning number (roughness coefficient) of 0.035 [49] for the channel and 0.015 [49, 56] for the urban area; (ii) critical depth boundary conditions and a mixed flow regime were used for simulations [57, 58] due to changes in slope and size of channel sections. To calibrate the hydraulic model, the estimated flood height for the hydraulic model of the flood events that occurred in 1985, 1998 and 2003 was compared with the historical records of these same events. The observed difference in flood height was of only 35 cm. Thus, we consider that our results and analysis are valid.
The maximum annual discharge values for Rp of 50, 100, and 500 years [57] were integrated to determine the overflow zones for the urban area of the municipality. 
Results.
Statistical Analysis.
In agreement with the statistical test of Cramer, it was determined that the homogeneity of the data for each block is fulfilled for t30 and partially for t60:
where: v = (w=60 + w=30) -2 α = 0.05 = Student's t-distribution quantiles With a level of significance of α = 0.05 and v = 49 degrees of freedom , . = 2.021 (11) [47] , it is considered that the series are inhomogeneous because the absolute values of |2.22| and |1.98| calculated with Cramer (4) are larger and less than 2.021, respectively. This comparison establishes that the series of data shows an independent and random behavior within the confidence limits shown in the independence correlogram ( Figure 3 ). 
Results
Statistical Analysis
In agreement with the statistical test of Cramer, it was determined that the homogeneity of the data for each block is fulfilled for t 30 and partially for t 60 :
where:
With a level of significance of α = 0.05 and v = 49 degrees of freedom t 49,97.5 = 2.021 (11) [47] , it is considered that the series are inhomogeneous because the absolute values of t 60 |2.22| and t 30 |1.98| calculated with Cramer (4) are larger and less than 2.021, respectively. This comparison establishes that the series of data shows an independent and random behavior within the confidence limits shown in the independence correlogram ( Figure 3) . The sample statistics used to analyze the frequency of the annual maximum discharge are: Asymmetry coefficient g = 0.62 Coefficient of kurtosis k = 3.34 Variation coefficient CV = 0.50 Standard deviation S = 64.42 Average = 128.74 According to the distribution function of probabilities used, the best fit with minimum error for the reduced general function of extreme values (GEV) were estimated from the moments L (M-L) [59, 60] (Table 1 ). According to Ferrer [61] , the GEV function is the statistics most commonly used in the specialized literature to analyze flows. Other authors [59, 62] consider the M-L estimator as the best hydrological adjustment: = − 1 In 1 − − (12) where: v = Location β = Shape α = Scale > 0. The estimator for Moments L (M-L) is calculated using the following equation: General extreme values (GEV) 7.02 According to the distribution function of probabilities used, the best fit with minimum error for the reduced general function of extreme values (GEV) were estimated from the moments L (M-L) [59, 60] ( Table 1 ). According to Ferrer [61] , the GEV function is the statistics most commonly used in the specialized literature to analyze flows. Other authors [59, 62] consider the M-L estimator as the best hydrological adjustment:
The estimator for Moments L (M-L) is calculated using the following equation: Considering the GEV distribution, the maximum discharge for the Apanquetzalco and Oacalco rivers were obtained by relating areas of runoff contribution (35% and 40%) with the area of the Yautepec River (Table 2) . 
Hydraulic Modeling
Rp of 50, 100, and 500 years considered to generate the hydraulic model and the overflow process of the Yautepec, Oacalco and Apanquetzalco rivers are commonly used in hydrology to evaluate hydrological hazard and flood risk. Authors such as Campos [63] and Herrero et al. [64] consider that values for Rp 500 years establish the zone of maximum floods and Rp 100 years define the area of free circulation of floods "via intense drainage". For Wolfgang [65] , Merz [66] and the Federal Emergency Management Agency of the United States [67] , areas with high flood risk are determined from values of Rp 50 years.
The spatial distribution of the hydrological hazard by overflow of the Yautepec, Oacalco, and Apanquetzalco rivers for Rp of 50, 100, and 500 years is displayed in Figures 4-6 , respectively. The level of hazard was classified considering the flood height and possible impact to the local infrastructure and population ( Considering the different flood scenarios for the urban area of the municipality of Yautepec (15.52 km 2 ) (Figures 4-6) , we find the following levels of hydrological hazard for the urban area affected by the overflow of the Yautepec Oacalco and Apanquetzalco rivers:
•
For Rp 50 years, 10% (1.5 km 2 ) of the total community area will be flooded: Of this flooded area, 65% will be covered with a water level ≤ 50 cm; 15.5% between 0.50 cm and 1.0 m; and 19.5% > 1.0 m.
For Rp 100 years, 12% (1.8 km 2 ) of the total community area will be flooded: of this flooded area, 62% will have a water level ≤ 50 cm; 18.5% from 0.50 cm to 1.0 m and 19.5% > 1.0 m.
• For Rp 500 years, 13.5% (2.1 km 2 ) of the total community area will be flooded: of this flooded area, 59% will reach a water level ≤ 50 cm; 18.4% between of 0.50 cm to 1.0 and 22.6% > 1.0 m. Considering the different flood scenarios for the urban area of the municipality of Yautepec (15.52 km 2 ) (Figures 4 to 6) , we find the following levels of hydrological hazard for the urban area affected by the overflow of the Yautepec Oacalco and Apanquetzalco rivers:
• For Rp 50 years, 10% (1.5 km 2 ) of the total community area will be flooded: Of this flooded area, 65% will be covered with a water level ≤ 50 cm; 15.5% between 0.50 cm and 1.0 m; and 19.5% > 1.0 m. • For Rp 100 years, 12% (1.8 km 2 ) of the total community area will be flooded: of this flooded area, 62% will have a water level ≤ 50 cm; 18.5% from 0.50 cm to 1.0 m and 19.5% > 1.0 m. • For Rp 500 years, 13.5% (2.1 km 2 ) of the total community area will be flooded: of this flooded area, 59% will reach a water level ≤ 50 cm; 18.4% between of 0.50 cm to 1.0 and 22.6% > 1.0 m. 
Discussion
Our results describe the spatial distribution of the hydrological hazard for the municipality of Yautepec and identify those critical zones of the local rivers' channel with high levels of flood for Rp of 50, 100, and 500 years. Considering the number of blocks in the exposed flood areas, the number of houses that could be damaged by flooding is approximately 2,375 with an estimated 11,875 habitants. Zúñiga [27] estimated that each block of the Yautepec community has 25 households with an average of about five habitants. Although our findings can be used as a tool to manage flood risk and reduce future flood impacts in Yautepec, it is necessary to improve the hydrological hazard scenarios by incorporating digital elevation models (DEM) with higher spatial resolution in the simulation of flow. Additionally, it is important to update and incorporate information about the structural and social vulnerability for the different scenarios with the purpose of generating dynamic flood risk maps.
Due to its geographical location, various urban areas in Mexico are continually exposed to floods. This is because of the high frequency of heavy rains and the vulnerability of the hydrological basins due to changes in land cover [14] . The current technological development and the use of hydraulic modeling to generate hydrological hazard scenarios have allowed to define those areas with high flood risk for different cities in Mexico [40] [41] [42] [43] 68, 69] . In this work, the Hec-Ras software was used to identify zones in the urban area of the municipality of Yautepec that will be affected in the future by river overflow for different return periods.
The methodology developed here can be applied to other regions in Mexico that have suffered the impact of floods in the past. Hydrological hazard and risk maps can be used as a tool for disaster management and land regulations plans.
Conclusions
Statistical analysis of annual maximum discharges with hydraulic simulation to generate scenarios of hydrological hazard for different Rp of 50, 100 and 500 years, allowed us to map and identify those zones with high probability of flooding by overflow of the Yautepec, Apanquetzalco, and Oacalco rivers in the urban area of the Yautepec municipality of Zaragoza, Morelos, Mexico.
The hydrological hazard levels found indicate that about 10% (1.5 km 2 ), 12% (1.8 km 2 ) and 13.5% (2.1 km 2 ) of the urban area (15.52 km2) of the studied municipality could be affected by flood heights below 50 cm, between 50 cm and 1.0 m, and more than 1.0 m for Rp of 50, 100 and 500 years, respectively.
The use of hydraulic modeling as a tool to map hydrological hazard scenarios, allows us to identify those zones with high probability of flooding. We believe that our results can be used as a tool to prevent and reduce the impact of future floods in the municipality of Yautepec de Zaragoza. Also, our findings can be useful for land use regulations in the studied area.
